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 Measurement uncertainty is one of the root causes of waste due to variation in industrial 
manufacturing. This research establishes the impact of certain factors on measurement 
uncertainty while using coordinate measurement machines as well as its reduction through the 
usage of Gage R & R methodology. Measurement uncertainty stemming from equipment and 
appraiser variation is identified and ranked according to its degree of impact. A comparative 
analysis is conducted showing how different CMM’s of similar design can generate differing 
amounts of measurement uncertainty. The approach set forth in this research not only proves 
effective with CMM’s but can also be applied to other complex multivariate measurement 
systems.  
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Chapter 1: Introduction 
Background 
 Measurement error is one of the root causes of variation in any manufacturing process. 
As such all measurement error must be properly identified and understood before the quality of a 
manufacturing process may be determined. This task is accomplished by performing a 
Measurement System Analysis (MSA) on each measurement system in a given manufacturing 
process. One common type of MSA performed is a Gage Repeatability & Reproducibility Study. 
Gage R & R studies are designed to identify the following components in a measurement system: 
a) the total measurement uncertainty in a particular measurement process, b) the amount of 
measurement uncertainty that can be attributed to the measurement device itself (equipment 
variation or EV), c) the amount of measurement uncertainty that can be attributed to the operator 
of the gage (appraiser variation or AV), and d) the amount of variation that can be attributed 
directly to the parts from a particular manufacturing process (part variation or PV). Once these 
components and their respective relationships have been identified and determined to be within 
the established industry standards, a measurement process has been demonstrated to be capable. 
 Coordinate Measurement Machines are common measurement devices being used to 
secure measurements of high accuracy across various industries today. They range in type from 
the table top bridge-type machines with touch type probes to the much newer technology that 
incorporates both hand held devices as well as optical laser type probes. Rather than technically 
measuring component parts in the traditional sense of the word, CMM’s actually generate 
measurement data through algorithmic mathematical computation. This is done by first obtaining 
discrete points or hits on a three dimensional Cartesian plane.  
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Purpose of the Research 
The primary purpose of this research was to identify which factors contribute most to the 
measurement uncertainty associated with Coordinate Measurement Machines in order to 
eliminate the variation as much as possible. Like all measurement systems, even highly accurate 
measurement devices such as CMM’s have inherent measurement uncertainty which is 
commonly referred to as measurement error. The difficulty with performing a standard 
measurement system analysis with a CMM is that there are several factors contributing towards 
the overall variation. Therefore it was necessary to first isolate the variation stemming from each 
individual factor before it could be analyzed accordingly. Once the relative variation was been 
identified, a most desirable machine configuration which would yield the least possible net 
uncertainty could then be established. It is important to note that this research intends to raise the 
awareness of the impact of these factors and does not in any way imply the existence of a 
particular flaw or deficiency inherent to CMM operation. On the contrary rather, there exists a 
high likelihood that the results of this research will succeed in further establishing coordinate 
measurement machines as highly reliable measurement devices which can be used for a wide 
range of industrial applications.  
Objectives of the Research 
The four factors under investigation have been combined into the two greater categories 
of AV (appraiser variation) and EV (equipment variation). For obvious reasons AV is a discrete 
factor in and of itself. EV on the other hand has been divided further into the following three 
categories: a) Dimension Type (DT), b) Machine Set-up (MS), and c) Machine Operation (MO). 
Both MS and MO are also subdivided into two additional categories. MS is broken down into both 
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manual and CAD machine setups, while MO has been subdivided into both manual and direct 
computer controlled (DCC) operation.  
 Objective 1: Determine whether or not the four factors under investigation have a certain and 
significant impact on the total measurement uncertainty associated with CMM’s using touch-
type probes. 
 Objective 2: After determining the percentage of impact of each factor, the second objective 
was to rank them from greatest to smallest according to their impact on the total 
measurement uncertainty in the system. 
 Objective 3: Determine if different CMM’s of similar design can produce differing amounts 
of measurement uncertainty when identical parts are measured by the same operators under 
the same operating conditions.  
Significance of the Research 
The significance of looking at each of the four factors begins with the fact that each of 
the chosen factors is common to all CMM types. By establishing which of the chosen four 
factors contributes the most towards measurement uncertainty, industry can then adjust its 
operating protocols accordingly. These same results of this research would also be of value to 
those in the market to purchase a CMM, providing insight into the pros and cons of one 
particular machine capability over another. 
Performing a measurement system analysis provides the ability to identify and categorize 
all measurement uncertainty in a measurement process. Once this has been accomplished, the 
percentages of measurement variation attributable to the measurement equipment (in this 
instance a CMM), as well as any or all human operators taking the measurements. The 
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consequence of eliminating measurement uncertainty in this way is the capacity to better 
determine the quality of a particular manufacturing process since all remaining measurement 
variation can then be directly linked to the parts and manufacturing process themselves. 
Knowing the incongruity of measurement error between different CMM’s used to secure 
measurements of parts from the same manufacturing process is meaningful information for 
organizations with multiple CMM’s. For example one particular CMM and or combination of 
CMM and operator(s) may be consistently producing a higher percentage of measurement error 
than others. Discrepancies of this sort can significantly skew quality evaluation of a particular 
manufacturing process. Furthermore, when multiple CMM’s with multiple operators are present 
in a given organization, discovering substantial measurement error attributable to machine 
operators justifies the necessity to implement standardized work instructions that would govern 
operator protocols.    
Assumptions & Limitations 
 Assumption 1: It was assumed that both CMM’s used to secure data in this research had a 
valid calibration performed, and that the calibration was current according to the timeframe 
allotted by the manufacturer.  
 Assumption 2: It was assumed that both CMM’s used to secure data in this research were 
fully functional with no mechanical or other malfunction at their time of use.  
 Assumption 3: It was assumed that all operators (appraisers) used during this research had 
the same level of basic knowledge and operating experience to operate a CMM, and that each 
operator had the proficiency to operate the machine in accordance with the requirements 
necessary to satisfy this research.   
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 Assumption 4: It was assumed that both laboratories containing CMM’s were maintained at 
the appropriate environmental conditions prior to and throughout the duration of time they 
were being utilized to retrieve data using the CMM’s.  
 Limitation 1: Limited access was available for the researcher to measure parts and/or 
components in this study that were produced in a real world manufacturing process. This 
limitation slightly restricted the capability of one of the data collection methods – namely the 
Gage R&R. The resulting compensation for this limitation was a disregard for the percentage 
of part to part variation (PV) reflecting by each of the Gage R&R studies. This limitation 
however in no way detracted from the merit of the results nor their analysis.  
 Limitation 2: This research was limited to a measurement system analysis focused primarily 
on the measurement characteristic of precision only and not accuracy. 
 Limitation 3: Due to time constraints, limited data was able to be collected for comparative 
analysis using the CMM in the industry metrology lab. 
Definitions of Terms 
 Repeatability:  Repeatability is the dispersion of independent measurements obtained on 
identical samples by the same operator, using the same equipment and within a short-time 
interval (Grous, 2013). 
 Reproducibility: Reproducibility is defined as variation observed when at least one factor is 
changed, often the time or operator i.e. different operators measure the same part using the 
same measurement device (Grous, 2013). 
 Accuracy: The closeness of agreement between a test result and the accepted reference value 
(ISO 5725-1:1994). 
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 Precision: The degree of concordance of the characteristics of independent quantity values 
resulting from the application of a measurement process under specified conditions. It is the 
closeness of agreement between quantity values (Grous, 2013).  
 Cause Variation: Cause variation is also known as assignable cause or special cause 
variation. It’s the variation with identifiable causes leading to extra variation or a shift in the 
variation of a production process (Montgomery, 2009). 
 Natural Variation: Natural variation is also known as systemic or chance cause variation. 
This  type of variation is the result of the many small and essentially unavoidable causes that 
are inherent in a production process (Montgomery, 2009). 
 Tier 1 OEM: A Tier 1 OEM is an organization that directly supplies “Original Equipment 
Manufacture” to a larger organization. 
 Orthogonal Axes: The axes in a coordinate system where each surface intersects the others at 
right angles (Wolfram, 1999-2014).  
 Measurement System: A measurement system is created by the simple dynamic of an 
individual using a particular measurement device.  
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Chapter 2: Literature Review 
The Evolution of CMM Technology 
 The first machines. A few early measuring devices set the stage before the invention of 
the coordinate measurement machine. Such measuring machines as “the Matrix Machine”, the 
“Newall Measuring Machine”, the “Microptic Measuring Machines”, and “The Universal 
Measuring Machine” were all predecessors that paved the way for the first CMM’s. These early 
machines varied in design, but most contained their own standard of measurement in the form of 
a scale, a micrometer, or some other measurement device (Bosch, 1995).  
 Coordinate measurement machines first appeared in the late 1950’s and early 1960’s. 
Some of these early models were produced by companies in Europe, the USA, and Japan. The 
first machine that most consider the first true coordinate measurement machine was developed 
by Ferranti, Ltd. Of Kalkeith, Scotland. The Ferranti CMM was crafted around a kinematic tool 
design which differed from the conventional machine tool design of that time. The new design 
contained little constraint but also allowed for the alignment of moving elements. But what was 
key to the development of CMM’s was the availability of precicion, long-range, and 
electronically compatible digital measuring systems (Bosch, 1995). 
 Early development. As these first CMM’s began to grow more and more in popularity 
and companies began producing them for industry, the two technologies that became readily 
apparent as essential components to their success were the probes and the computer software. 
What’s interesting is that these original style solid probes were not very different than the touch 
type probes in use today. The first electronic touch probe was introduced by Renishaw Ltd. 
England in 1975. However the advancement in the capabilities of CMM software is a very 
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different story altogether. Some of these advancements include such things as part programming, 
temperature compensation, geometric error correction, data analysis, and networking for system 
integration (Bosch, 1995). The invention of the Measurement Processor (MP) by Sheffield in 
1978 was a significant advancement in CMM technology (Fetter, 2012). 
 A new generation of machine design emerged when the Apollo Cordax Machine 
produced by Sheffield made its first appearance in 1986. The new design employed a traveling 
ring structure coupled with a moving axis that was completely independent of the table surface. 
Additionally, Sheffield had received helpful research from the National Bureau of Standards on 
the subject of error correction methodology, allowing for geometry error correction using twenty 
one complex algorithmic error parameters (Fetter, 2012). 
 Making strides. Most of the advancements made in CMM technology have been in 
realm of software enhancement, and probe type technology. Much development has also gone 
into the types of materials used for machine construction. Materials such as granite, cast iron, 
and steel are no longer the materials of preference. Newer high tech alloys such as silicon 
carbide are now being used to construct lighter, CMM’s with stiffer structures in critical areas. 
The ideal platform is considered to be an aluminum alloy structure due to its lighter weight and 
improved reaction to thermal changes. This means “less linear and torsional structure 
deformation with an integrated free-floating measuring scales allowing for more thermal 
compensation” (Coord3, 2012). Lighter alloy components also make possible the movement of 
machine frame components by smaller motors and less power.  
 Cutting edge technology. Some of the most recent breakthroughs in CMM technology 
have been related to probe type and capability. The new five axis REVO 5 by Renscan5TM 
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incorporates a revolutionary design technique. It uses a continuous motion articulating head 
which overcomes the induced inertia deflection problem that accompanies high speed 
measurements. The REVO accomplishes this task by using a “continuous motion articulating 
head that moves simultaneously in two rotary axes as it scans” (Coord3, 2012). 
 The invention of the laser scanning probe could be deemed by some as the single most 
value added technological advancement in CMM technology in recent decades. Laser scanning 
probes provide a large degree of measurement accuracy as well as enhanced measurement 
capability. With the use of these new laser probes, operators can quickly scan complex objects as 
well as geometric and prismatic shapes. They also provide the ability of scanning and measuring 
free-form surfaces that touch type probes would be incapable of measuring. Perhaps the greatest 
contribution of laser scanner probes is the huge role they play in the reverse engineering industry 
(Laser Design, 1987-2012).   
 Scaling the big hurdles. The singles largest source of CMM dimensional error and non-
repeatability of equipment are thermal effects. Much advancement was made by Giddings & 
Lewis along with the University of Michigan to resolve the problem environmental instability 
and thermal effects through laser and computer software technology. Their proposal was to 
address the problem from a software approach using “a differential detection scheme to reduce 
the inherent non-linearity and measure by reflectance” (Sheffield Automation, 2001-2002). 
 Looking ahead. No one argues that CMM technology has revolutionized the inspection 
process of manufactured parts giving it a key role in the globalization of manufacturing in recent 
decades (Coord3, 2012). As the emphasis on automation in the manufacturing environment 
continues to increase, so too does the demand for adaptable and highly flexible measuring 
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devices which can measure parts of virtually any configuration and complexity. CMM 
technology is currently striving to keep pace with these demands and offer innovative solutions 
to these challenges. 
Overview of Gage Repeatability & Reproducibility 
Gage R&R explained. Gage R&R is a statistical method used to discover the source and 
quantity of measurement uncertainty in a given measurement system. Sources of measurement 
variation are categorized in a Gage R&R study into the following three categories: part-to-part 
variation, appraiser variation, and equipment variation. Repeatability is primarily the variation 
coming from the measurement gage itself and is often considered to be the equipment variation. 
Reproducibility is variation introduced into the measurement system when a variable is changed 
i.e. a different operator using the same gage.  The repeatability and reproducibility combined are 
what determines the total "measurement error," or "noise" in a given measurement system.  This 
noise is the source of measurement uncertainty in the measurement data (Kappele, 2005).  
Typically a measurement system is considered capable if it has a low amount of 
uncertainty. Ideally this is determined by less than 1% noise and a total Gage R&R of less than 
10%. The total percentage of Gage R&R is a combination of both the measurement uncertainty 
as well as part-to-part variation. Systems having more than 10% noise or a combined Gage R&R 
of more than 30% are considered unacceptable and every effort should be made to improve the 
measurement system (MSA Workgroup, 2010).  
Differing Gage R&R methods. The three most recognized methods of Gage R&R as set 
forth in the Measurement Systems Analysis Reference Manual are the range method, the average 
& range method, and the ANOVA method. The Measurement Systems Analysis Reference 
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Manual is a publication put together by the Automotive Industry Action Group (AIAG). It serves 
as a reference for Gage R&R methodology that has been sanctioned by the Chrysler Group LLC, 
Ford Motor Company, and General Motors Corporation Supplier Quality Requirements Task 
Force (MSA Workgroup, 2010).  
The significance of using the sanctioned methodology as set forth in the reference manual 
is that it has been endorsed by the largest members of the automotive industry in the United 
States As such it is the expected method of analyzing measurement uncertainty in a given 
measurement system in the manufacturing industry when dealing with automotive customers. To 
deviate and attempt to analyze a measurement system using a different Gage R&R methodology 
would only succeed in casting a shadow over the results rather than bolstering their credibility. 
Of the three methods set forth in the MSA manual, the range method reveals the least 
about measurement system uncertainty. The manual states that it is the method “typically used 
only for quick approximation of measurement precision”.  The range method does not 
differentiate the variation stemming from the equipment (EV) and the appraisers (AV) as does 
the average and range method (MSA Workgroup, 2010).  
To the contrary the average and range method however does distinguish between the 
three types of measurement variation in the measurement system. These types of variation being; 
a) part-to-part variation, b) an equipment variation component (EV), and c) an operator or 
appraiser variation component (AV). Using this method, a suggested number of ten production 
parts are selected from a given manufacturing process and measured by a minimum of two and a 
recommended number of three different individuals. Each appraiser is instructed to randomly 
select one of the ten parts, and measure them using whatever measurement device is being 
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analyzed. Each of the parts is measured repeatedly. The manual also recommends the number of 
repeated measurement iterations to be five. A numerical constant is provided to be used in the 
Gage R&R equations based on the total number of parts as well as the total number of times each 
parts measurement is repeated. The primary statistic generated using this method is the mean of 
the ranges of each repeated measurement (MSA Workgroup, 2010). 
One particular element of this method that is noteworthy is the importance of preventing 
bias from entering the data collection process. One way this is accomplished is by numbering the 
individual parts. However these numbers are to be kept from the individuals taking the 
measurements. The sequence in which each part is measured is then to be altered by the 
individual conducting the study. Additionally the results of each individual participant are also to 
be kept hidden from the subsequent participants. In this way the measurements taken by each 
participant cannot be inadvertently influenced (MSA Workgroup, 2010). 
The third method set forth in the Measurement System Analysis 4
th
 Ed. (2010) is the 
ANOVA method. When using the ANOVA method, the data collection process is conducted in 
the same way as the other two methods. Of the three the ANOVA method is deemed the most 
accurate. The reason for this is because the ANOVA method also reveals the interaction between 
the parts measured and the operators. Some argue the superiority of the ANOVA method due to 
the fact that it underestimates the reproducibility component of interaction between the operators 
and parts when this interaction exists (Anthony, Knowles, & Roberts, 1998).  
The methods described by the Measurement Systems Analysis 4
th
 Ed. (2010) for Gage 
R&R studies are supported by others as well. Barrentine (2003) describes a method he calls; “the 
General Motors Long Form” which is very similar to the average and range method. His method 
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is similar in the way a specified number of parts are measured using a discrete number of 
iterations. However rather than using the mean of ranges, Barrentine (2003) uses standard 
deviation as his statistic. He argues that “precision to tolerance ratio is not an accurate 
assessment of measurement precision error” due to the fact4 that most tolerances are determined 
arbitrarily.   
Case Study 
 In addition to the data collected using a CMM located in the laboratory of the Applied 
Engineering and Technology department of Morehead State University, a second CMM was also 
used to retrieve data for the purpose of comparative analysis. This additional CMM was located 
in the metrology laboratory of a Tier 1 original equipment manufacturing facility in the state of 
Kentucky. For the purpose of confidentiality, this organization will simply be referred to as a 
Tier 1 Original Equipment Manufacturer (OEM).  
 The two machines themselves were quite similar in design. Both were a bridge type table 
design platform,   and both had direct computer control DCC capability. The differences of the 
two machines were that they were each manufactured by different companies and each had 
different operating software. The machine used in the university laboratory was originally 
manufactured by the company Brown & Sharpe (although Brown & Sharpe no longer exists and 
was bought out by Hexagon Metrology) and was operated by PC•DMIS 2012 software. The 
machine used in the Tier 1 facility was manufactured by the company Zeiss and was operated by 
Calypso 4.8 software. 
 As many controls as possible were maintained in order to ensure a quality comparative 
analysis between the two machines. For example the same two participants were used to collect 
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measurement data on each of the CMM’s. The same three parts were measured with each 
machine. Rather than using a third operator, the DCC operation type was used on each machine. 
Having already performed much data collection prior to collecting data for the case study 
comparative analysis, it was evident that the DCC operation type was yielding the least amount 
of variation. This then was determined to provide a good baseline for of data for the comparative 
analysis.  
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Chapter 3: Methodology   
 Three methods were selected to analyze the impact on measurement uncertainty by four 
different factors. Each of these four factors is inherent to CMM’s of all types.  
Rationale of Four Selected Factors 
Dimensional type. The three separate dimensional measurement types selected are 
referred to in the CMM operator’s manual as ‘geometric features’. They were selected due to the 
way a CMM generates three dimensional measurements differently than two dimensional 
measurements. When three dimensional objects are measured, probe radius compensation is 
made perpendicular to the surface of the object as opposed to the active work plane used in two 
dimensional objects.  
Operation type. The decision between a manually operated CMM versus a DCC type is 
typically determined by the type of operation in a given organization. Most production oriented 
environments choose a DCC type, while companies specializing in proto-type development and 
reverse engineering are more likely to prefer a manual CMM (Meredith, 1999). However this 
does not mean to imply that a CMM with DCC capability is always being utilized in DCC mode. 
DCC CMM’s can still be operated in manual mode.  
Set-up type. The two different CMM setup types that are under investigation are that of 
manual setup and CAD setup. Both setup types are directly linked to a DCC operation type. The 
integration of advanced CAD inspection programs has provided yet another layer of part 
inspection versatility to the realm of metrology. Through the usage of CAD enhanced CMM 
software, it is now possible to graphically test and debug inspection routines before executing a 
new part program with the CMM (PC•DMIS, 2014). 
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Operator. With nearly all types of measurement system analysis, the operator(s) 
involved tend to contribute significantly towards the overall measurement deviation in the 
system.  
Method One – Analysis of Variance ANOVA 
 An Analysis of Variance was performed to determine the significance of impact of the 
four selected factors on overall measurement uncertainty associated with a CMM. This test was 
conducted with a 95% confidence level, and was accomplished using the computer software 
MINITAB. When a statistical significance was discovered while comparing a set of three or 
more means, a post hoc Tukey Test was performed to determine which means were significantly 
different. The results of the ANOVA satisfy objective one.  
Method Two – Gage Repeatability & Reproducibility 
 A series of Gage R&R studies were performed using the equations and methodology set 
forth by the MSA Reference Manual, a publication which has been sanctioned by the Chrysler 
Group LLC, Ford Motor Company, and General Motors Corporation Supplier Quality 
Requirements Task Force, and set forth under the auspices of the Automotive Industry Action 
Group (AIAG) for Gage R&R studies. The results of the Gage R&R studies determine the 
percentages of variance that each of the four categorical factors contribute towards the overall 
measurement uncertainty in this particular study. These equations are as follows: 
 Equation {1} was used to calculate Repeatability / Equipment Variation (EV) 
 
 
 
  [R (Double) Bar] * K1                            {1} 
 
 
EV =  
 K1 = a compensation constant based on the number of trials used.  
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 Equation {2} was used to calculate Reproducibility / Appraiser Variation (AV) 
 
 
 
 
 
 Equation {3}was used to calculate GRR (combined Gage R & R) 
 
 
 
 Equation {4} was used to calculate the PV (Part Variation) 
 
     
 
 Equation {5} was used to calculate TV (Total Variation) 
 
 
 The following equations were used to calculate the percentages of AV, EV & GRR. (The 
percentage of PV is of no consequence in this research since the part to part variation is 
not under investigation.) 
 
 
 
The results of method satisfy objective two.  
√ (Xdiff * K2)
2
 – (EV2 / (nr))                     {2} 
 
 
AV =  
 K
2
 is a compensation constant based on the number of appraisers 
used.  
 n = parts     r = trials  
 X
diff
 is the difference between the greatest and least X
bar
 of all trials 
and all parts for each appraiser 
√  EV2 + AV2                      {3} 
 
 
 
GRR = 
PV = Rp * K3                                   {4} 
 
 K3 is a compensation constant based on the number of parts used 
 Rp is the range of part averages 
 
TV = √GRR2  + PV2                    {5} 
 
 
%EV = 100 [EV/TV]                  {6} 
 
%AV = 100 [AV/TV]                 {7} 
 
%GRR = 100 [GRR/TV]            {8} 
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Method Three – Comparative Analysis 
 For the purpose of analyzing the third objective, a statistical comparative analysis was 
performed using data collected from two separate CMM’s. The first CMM’s is located in the 
CMM lab of the Department of Applied Engineering and Technology at Morehead State 
University, and the second CMM is located in a Tier 1 OEM in the automotive industry located 
in the State of Kentucky.  
Data Collection Procedures  
 The data contained in Tables 12-18 & 20 (see Appendix C) were collected in the lab at 
Morehead State University over the course of several days.  The individuals who participated as 
the appraisers were the same throughout the entire data collection process. The temperature in 
the lab was carefully monitored and measurements were only taken when the lab temperature 
was maintained within 20°C +/- 2°C in accordance to the universally accepted standards 
established by the NIST (Doiron, 2007). 
 The Gage R&R data were collected while operating the CMM’s in different 
configurations. The parameters were selected for the purpose of performing comparative 
analyses on the various factors under investigation. These various parameters are identifiable by 
the title and notes portions of each data table. In order to control the parameter of the CAD 
machine set-up (see Table 18), the CMM software was completely closed out for each iteration. 
This step maintained the integrity of the data obtained by insuring that the same sequence was 
followed for each discrete observation. 
 In order to obtain three dimensional measurement data from the conic sections, it was 
necessary to collect angular measurements rather than linear measurements (as collected from all 
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other objects). Due to machine capability limitations a data conversion was necessary. While the 
CMM in the metrology lab of the Tier 1 organization did have the capability to produce angular 
data, the machine in the university lab did not.  
 The measurement dimensions for the cone shaped parts that the CMM in the university 
lab was capable of producing were height and diameters. These consisted of two distinct outside 
diameter measurements defining the height of the conic section (see Table 11 in Appendix B). 
Essentially the geometric shape which could be generated using the linear measurement data for 
the cone shaped parts was that of a trapezoid. Therefore it was necessary to use formula 9 to 
convert these linear dimensions into an angle which represented the outer base angle of the cone. 
 
 
 
 
 
  
 Due to the fact that the collected raw data was in the form of differing units of measure 
and that it was desirable to compare differing geometric shapes, it was first necessary to 
normalize all data before performing any ANOVA (see Tables 8-10 in Appendix A).  The data 
were normalized according to distinct dimension type in each discrete data table.  All data 
normalization was performed using equation 10 located on the following page. 
 
 
Height 
 
(Diameter2 – Diameter1) / 2 
Tan 
 
θ =   {9} 
 θ represents the outer base angle of the Cone 
 Diameter1 & Diameter2 are the diameters of the 
upper and lower planes of the conic section 
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 For the purposes of the comparative analysis, data were collected on two separate 
CMM’s with the same configurations, using the same two operators, and measuring the same 
three parts. The summary data in Table 16 (see Appendix C) was found by first finding the 
standard deviation and range of each of the three measured parts for each machine, and then the 
averages of these averages were used to populate the summary table.   
 
   Xi – Xmin 
             Xmax - Xmin 
Xn =    {10} 
 Xn  is the normalized value 
 Xi is the given data observation 
 Xmax  is the maximum value of a data set sorted by dimension type 
 Xmin  is the minimum value of a data set sorted by dimension type 
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Chapter 4: Findings 
 After analyzing all data, a total of six findings were discovered. Four of which were 
directly related to each of the four factors being investigated under objective one. One finding 
satisfied objective two and the individual factors were ranked according to the weight of their 
impact on the system in relation to each of the other factors. And the final finding was in direct 
support of the third objective.  
The Impact of Each Factor on Measurement System Variation 
 The four results 1a – 1d satisfy the first objective of the research. 
Result 1a - Measurement Type.  An analysis of the variation related to 3D measurement 
type revealed a notable amount of both EV and AV variation when compared to the variation 
encountered from the other factors. The cylinder consistently yielded the highest amount of both 
EV and AV variation. The cone ranked second with the sphere displaying the least amount of 
variation (see Gage R & R Tables 4-6 in Appendix C).  These results are limited only to manual 
CMM operation.   
The first ANOVA was conducted on data relating to 3D measurement type. Because the 
P-value for the appraisers was determined to be below the alpha value of 0.05 (although only 
slightly at 0.048 – see Table 1), it was determined that the difference in means between the 
appraisers in this particular study was statistically significant.   
 
 
 
 
Table 1: ANOVA of Measurement Type 
DF Seq SS Adj SS Adj MS F P
2 0.8262 0.8262 0.4131 3.12 0.048
2 0.3626 0.3626 0.1813 1.37 0.258
130 17.2324 17.2324 0.1326
134 18.4212Total
Source
Appraiser
Dimension Type
Error
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The ANOVA method selected to analyze the data was a General Linear Model. The 
GLM type ANOVA was selected because it is the most flexible form of ANOVA which has the 
ability to include different types of factors, terms and designs. The GLM also has the ability to 
find a significant difference between multiple groups as well as the ability to estimate these 
differences (MINITAB, 2010). Due to fact that there are more than two or more degrees of 
freedom for each ANOVA, MINITAB automatically performs an F-test hypothesis test as 
opposed to a T-test. An F-test must be used to test a regression relationship when more than one 
parameter exists (Martin, 2008).  Each hypothesis test was performed in MINITAB with an alpha 
value of .05 and all results were tabulated using MINITAB software. The null hypothesis (H0) of 
each test was that the means of sample populations were equal.  
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Tukey Test of Appraisers for Measurement Type 
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In addition to each ANOVA a Tukey Pairwise Comparison of Means test, also known as 
Tukey’s Honestly Significant Difference test, was conducted when the P values of an ANOVA 
were less than the risk value. A Tukey Test reveals which means in a particular set are  
significantly different from the rest (Olleveant, 1999). Figure 1 revealed that the data collected 
by appraisers one and two were significantly different from each other while measuring the 
different three dimensional shapes. Residuals plots were also generated in connection with each  
 
 
 
 
 
 
 
 
 
 
An analysis of each of these plots (Figures 2-4 above and on following pages) shows no 
indication of bias in any of the ANOVA’s.  The Histograms do not reveal any skew or outliers. 
According to the Normal Probability Plots the data appear normally distributed. The Versus Fits 
graphs all indicate that the residuals have a constant variance.  And the Versus Order plots reveal 
that there are no apparent correlations between any of the data.  
Figure 2: Four in One Residuals Plot for Measurement Type 
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Result 1b – Machine Operation Type. The second factor investigated was machine 
operation type. The Gage R & R data (see Tables 7 & 8 in Appendix C) revealed the presence of 
both EV and AV variation while in manual mode but not while in DCC mode. This finding was 
also supported by the ANOVA which demonstrated statistical significance for the variation 
between the two modes of operation (see Table 2).   
 
 
 
 
The residuals for operation type look good and free of bias (see Figure 4, next page). 
 
 
 
 
 
 
 
 
 
 
 
DF Seq SS Adj SS Adj MS F P
2 0.1006 0.1006 0.0503 0.38 0.682
1 1.4624 1.4624 1.4624 11.17 0.001
176 23.0415 23.0415 0.1309
179 24.6045
Source
Appraiser
Operation Type
Error
Total
Table 2: ANOVA of Operation Type 
Figure 3: Four in One Residuals Plot for Operation Type 
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Result 1c – Machine Set-up Type. The third factor, set-up type, proved to be the least 
significant across the board of each of the four factors studied. There was very little if any 
variation present in both AV and EV for either set-up type. As a result the overall difference in 
GRR% was also negligible (see Tables 9-10 in Appendix C). These results were also supported 
by the ANOVA (see Table 3). The data conclusively reveals that there is no contribution to the 
overall variation in this measurement system stemming from whether or not the part being 
measured by the CMM in DCC mode was set up with the CAD function or not.  
 
 
 
The residuals for Set-up Type look good and free of bias (see Figure 5).  
 
 
 
 
 
 
 
 
 
 
Table 3: ANOVA of Setup Type 
DF Seq SS Adj SS Adj MS F P
2 0.0339 0.0339 0.0169 0.12 0.887
1 0.2576 0.2576 0.2576 1.83 0.18
86 12.1049 12.1049 0.1408
89 12.3964
Setup Type
Error
Total
Source
Appraiser
Figure 4: Four in One Residuals Plot for Setup Type 
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Result 1d – Operator. The fourth and final factor investigated was variation attributable 
to machine operators. In order to determine the impact of this variation it was first necessary to 
examine the AV in connection with each of the other independent factors. As the data in Table 4 
shows, appraiser variation is present in some configurations but not in all.  
Table 4: Summary of Gage R & R Results 
 
As also seen in Table 4, when isolating the AV percentages in each of the various 
configurations, the two configurations yielding the least amount of total variation stemming from 
the operators themselves were a) when measuring spherical objects, and b) when operating the 
CMM in DCC mode. Each of the other combined configurations exhibited some quantity of 
variation stemming directly from the appraisers. Each of the individual Gage R & R data tables 
used to populate Table 4 can also be found in Appendix C.  
 
 
 
 
Factor EV µ % EV AV µ % AV GRR µ % GRR 
1a) 3D Measurement  / Sphere 0.015 0.21% 0.002 0.03% 0.015 0.21% 
1b) 3D Measurement  / Cylinder 0.195 1.11% 0.131 0.75% 0.235 1.34% 
1c) 3D Measurement  / Cone 0.058 0.50% 0.064 0.55% 0.086 0.74% 
2a) Operation Type / Manual 0.105 0.83% 0.067 0.53% 0.124 0.99% 
2b) Operation Type / DCC 0.000 0.00% 0.004 0.04% 0.004 0.04% 
3a) Setup Type / Manual  0.006 0.21% 0.006 0.22% 0.009 0.31% 
3b) Setup Type / CAD  0.005 0.16% 0.004 0.14% 0.006 0.21% 
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Factors Ranked by Impact 
 The conclusion of the second objective is described below in Result 2.  
Result 2 – Ranking the factors. After extracting the EV for each factor using the series 
of Gage R & R analysis (see Gage R & R Tables in Appendix C), each individual value of EV 
was then tallied and its mean was calculated. Using this data it was then possible to rank each 
these four factors according to their impact on the overall measurement uncertainty of the system 
(see Table 5).  
Table 5: Ranking of Individual Factors    
 
It is important to note that this ranking system is confined to the parameters of their relationship 
in this particular study alone.  
Comparing Two Separate CMM’s 
The final objective of determining whether or not the possibility exists for two different 
CMMs of similar design to have differing amounts of measurement uncertainty was addressed 
by the results of the comparative analysis. 
Result 3 – Comparative Analysis. Figures 5 and 6 on the following pages are images 
taken of both individual CMM’s used for the comparative analysis. The individual parts 
measured in the study can also be seen clearly on the table surface of the CMM in Figure 5.  
Factors by Ranking Combined Average of Individual Factors 
1) Measurement Type (0.15 + 0.195 + 0.058) ÷ 3 = 0.134 
2) Operation Type (0.105 + 0.00) ÷ 2 = 0.0525  
3) Operator (0.002 + 0.131 + 0.064 + 0.067 + 0.004 + 0.006 + 0.004) ÷ 7 = 0.040 
4) Setup Type 
 
(0.006 + 0.005) ÷ 2 = 0.006  
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Each of the parts measured were firmly secured to the table top surface of each CMM 
prior to securing measurements. For the purpose of the comparative analysis only a select few of 
these individual parts were used. These parts are identified in the notes section of Tables 19 & 20 
in Appendix C.  
 
 
 
 
Figure 5:  Image of CMM Located in University Laboratory 
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Figure 6:  Image of CMM Located in Tier 1 OEM Laboratory 
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The statistical data for comparative analysis are displayed in Tables 6 and 7 below. Table 
6 is a summary of the results of the Gage R & R analysis (also see Tables 19 & 20 in Appendix 
C). 
Table 6: Case Study Gage R & R Summary 
 
 
Table 7 was created by first finding the standard deviation as well as the range for each part 
measured in each CMM laboratory. 
 
 
Table 7: Case Study Statistical Summary 
Statistic Tier 1 OEM CMM University CMM 
1) Mean Standard Deviation 0.104 µ 0.360 µ 
2) Mean Range 0.386 µ 1.036 µ 
 
 
The data from Tables 6 and 7 clearly answers the question posed in objective three. Does 
the possibility exist for differing amounts of EV and AV to be present when identical parts are 
measured by the same operators on different CMM’s of similar design? The answer is yes. When 
we compared both the results of the Gage R & R as well as the standard deviation and range of 
the measurement data, the CMM located in the AET department of the university laboratory 
clearly contained more measurement noise than did the CMM located in the laboratory of the 
Tier 1 OEM metrology lab.    
 
Different CMM’s  EV µ % EV AV µ % AV GRR µ % GRR 
1) Machine 1- MSU Laboratory  0.150 0.51% 0.096 0.33% 0.178 0.61% 
2) Machine 2 - Industry Laboratory 0.094 0.32% 0.066 0.23% 0.115 0.39% 
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Chapter 5: Summary, Conclusion, & Future Research 
  With regard to Bridge Type Direct Computer Controlled CMM’s, this research has 
demonstrated that varying degrees of measurement uncertainty are present while operating the 
CMM in different configurations. With regard to manual mode versus DCC mode, manual mode 
was shown to generate a higher presence of uncertainty. This data would be of particular interest 
to those who may be in the market to purchase a new CMM. It could also apply to a 
manufacturing facility using multiple CMM’s with multiple CMM operators.  
 Given that the elimination of waste due to measurement uncertainty is a concern across 
all manufacturing industries, the ability to identify which factors are leading contributors to this 
uncertainty is of great value whether the measurement device is as complex as a CMM or 
whether it is some other simple measurement device. While multivariate measurement systems 
do make this task more difficult it is not impossible. This research has shown that the standard 
Gage R & R methods currently used in industry today can also be effectively applied in the 
context of multivariate measurement systems to assist in the pursuit of reducing measurement 
uncertainty.  
  For future research we would like to repeat the same study by measuring different 
manufactured parts. The ideal would be to measure ten identical parts which were designed and 
manufactured specifically for the purpose of such a study. In this way all questions could be 
resolved definitively concerning the impact of measuring different 3D measurement types on 
overall uncertainty in the system.   
 Furthermore we would like to investigate the impact of additional factors relating to 
CMM’s on measurement uncertainty. Some examples of these factors would be: different probe 
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types, different probe stylus tip size, and different CMM model designs. In specific, a 
comparative analysis between the newer laser-type probe technologies and the touch-type probes 
used in this research would seem to be of particular value. Not to mention having more time for 
continued studies comparing two different machines of similar type and operating configuration; 
which would ideally be performed in a single metrology laboratory containing multiple CMM’s.  
 While several possibilities exist for additional research into measurement uncertainty 
pertaining to CMM’s, we would not want to limit future work to these measurement devices 
alone. It would also be interesting to observe the results of applying the same Gage R&R 
approach used in this research on other multivariate measurement systems.  
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Appendix A: Design of Experiment Data Normalization Tables
 
  
39.406 28.627 25.403 58.902 25.487 39.361 59.561 59.855 81.720
39.402 28.609 25.396 58.891 25.487 39.359 59.640 59.839 81.714
39.385 28.613 25.401 58.920 25.488 39.360 59.614 59.836 81.705
39.388 28.614 25.406 58.910 25.489 39.361 59.629 59.929 81.703
39.395 28.605 25.396 58.928 25.490 36.360 59.579 59.701 81.709
39.380 28.629 25.396 58.906 25.488 39.364 59.315 59.844 81.717
39.426 28.609 25.407 58.923 25.484 39.366 59.320 59.613 81.717
39.395 28.615 25.392 58.903 25.488 39.365 59.278 59.667 81.649
39.398 28.622 25.411 58.906 25.489 39.360 59.358 59.610 81.692
39.429 28.593 25.398 58.902 25.485 39.366 59.673 59.669 81.731
39.386 28.599 25.394 58.917 25.488 39.361 59.594 59.617 81.702
39.397 28.599 25.402 58.913 25.486 39.361 59.593 59.621 81.713
39.382 28.606 25.401 58.929 25.488 39.360 59.558 59.659 81.707
39.482 28.584 25.396 58.912 25.488 39.359 59.640 59.659 81.721
39.366 28.615 25.405 59.904 25.489 39.363 59.638 59.579 81.699
0.34483 0.95556 0.57895 0.01086 0.50000 0.99834 0.71646 0.78857 0.86585
0.31034 0.55556 0.21053 0.00000 0.50000 0.99767 0.91646 0.74286 0.79268
0.16379 0.64444 0.47368 0.02863 0.66667 0.99800 0.85063 0.73429 0.68293
0.18966 0.66667 0.73684 0.01876 0.83333 0.99834 0.88861 1.00000 0.65854
0.25000 0.46667 0.21053 0.03653 1.00000 0.00000 0.76203 0.34857 0.73171
0.12069 1.00000 0.21053 0.01481 0.66667 0.99933 0.09367 0.75714 0.00084
0.51724 0.55556 0.78947 0.03159 0.00000 1.00000 0.10633 0.09714 0.00084
0.25000 0.68889 0.00000 0.01185 0.66667 0.99967 0.00000 0.25143 0.00000
0.27586 0.84444 1.00000 0.01481 0.83333 0.99800 0.20253 0.08857 0.00053
0.54310 0.20000 0.31579 0.01086 0.16667 1.00000 1.00000 0.25714 0.00101
0.17241 0.33333 0.10526 0.02567 0.66667 0.99834 0.80000 0.10857 0.00065
0.26724 0.33333 0.52632 0.02172 0.33333 0.99834 0.79747 0.12000 0.00078
0.13793 0.48889 0.47368 0.03751 0.66667 0.99800 0.70886 0.22857 0.00071
1.00000 0.00000 0.21053 0.02073 0.66667 0.99767 0.91646 0.22857 0.00088
0.00000 0.68889 0.68421 1.00000 0.83333 0.99900 0.91139 0.00000 0.00061
Sphere Cylinder Cone
Sphere DT1 Cylinder DT2 Cone DT3
A2
A3
Raw Data
A1
A2
A3
A1
A2
A3
A1 A1 A1
A2 A2 A2
A1
A3 A3 A3
Normalized Data
Table 8: Data Normalization for Measurement Type 
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Parts 1 2 3 4 5 6 Parts 1 2 3 4 5 6
39.406 58.902 28.627 25.487 25.403 39.361 0.34188 0.01861 0.95556 0.20000 0.57895 0.99834
39.402 58.891 28.609 25.487 25.396 39.359 0.30769 0.00784 0.55556 0.20000 0.21053 0.99767
39.385 58.920 28.613 25.488 25.401 39.360 0.16239 0.03624 0.64444 0.26667 0.47368 0.99800
39.388 58.910 28.614 25.489 25.406 39.361 0.18803 0.02644 0.66667 0.33333 0.73684 0.99834
39.395 58.928 28.605 25.490 25.396 36.36 0.24786 0.04407 0.46667 0.40000 0.21053 0.00000
39.380 58.906 28.629 25.488 25.396 39.364 0.11966 0.02253 1.00000 0.26667 0.21053 0.99933
39.426 58.923 28.609 25.484 25.407 39.366 0.51282 0.03918 0.55556 0.00000 0.78947 1.00000
39.395 58.903 28.615 25.488 25.392 39.365 0.24786 0.01959 0.68889 0.26667 0.00000 0.99967
39.398 58.906 28.622 25.489 25.411 39.360 0.27350 0.02253 0.84444 0.33333 1.00000 0.99800
39.429 58.902 28.593 25.485 25.398 39.366 0.53846 0.01861 0.20000 0.06667 0.31579 1.00000
39.386 58.917 28.599 25.488 25.394 39.361 0.17094 0.03330 0.33333 0.26667 0.10526 0.99834
39.397 58.913 28.599 25.486 25.402 39.361 0.26496 0.02938 0.33333 0.13333 0.52632 0.99834
39.382 58.929 28.606 25.488 25.401 39.360 0.13675 0.04505 0.48889 0.26667 0.47368 0.99800
39.482 58.912 28.584 25.488 25.396 39.359 0.99145 0.02840 0.00000 0.26667 0.21053 0.99767
39.366 59.904 28.615 25.489 25.405 39.363 0.00000 1.00000 0.68889 0.33333 0.68421 0.99900
39.482 58.884 28.600 25.491 25.405 39.359 0.99145 0.00098 0.35556 0.46667 0.68421 0.99767
39.481 58.883 28.600 25.491 25.406 39.359 0.98291 0.00000 0.35556 0.46667 0.73684 0.99767
39.482 58.883 28.600 25.491 25.406 39.359 0.99145 0.00000 0.35556 0.46667 0.73684 0.99767
39.483 58.883 28.601 25.491 25.406 39.359 1.00000 0.00000 0.37778 0.46667 0.73684 0.99767
39.481 58.883 28.601 25.492 25.405 39.359 0.98291 0.00000 0.37778 0.53333 0.68421 0.99767
39.474 58.892 28.600 25.489 25.405 39.359 0.92308 0.00881 0.35556 0.33333 0.68421 0.99767
39.474 58.892 28.599 25.489 25.406 39.359 0.92308 0.00881 0.33333 0.33333 0.73684 0.99767
39.475 58.893 28.599 25.489 25.406 39.359 0.93162 0.00979 0.33333 0.33333 0.73684 0.99767
39.473 58.893 28.599 25.489 25.406 39.359 0.91453 0.00979 0.33333 0.33333 0.73684 0.99767
39.474 58.893 28.598 25.490 25.406 39.359 0.92308 0.00979 0.31111 0.40000 0.73684 0.99767
39.483 58.921 28.601 25.498 25.405 39.363 1.00000 0.03722 0.37778 0.93333 0.68421 0.99900
39.482 58.921 28.600 25.498 25.405 39.363 0.99145 0.03722 0.35556 0.93333 0.68421 0.99900
39.482 58.921 28.601 25.499 25.405 39.363 0.99145 0.03722 0.37778 1.00000 0.68421 0.99900
39.482 58.921 28.601 25.498 25.405 39.363 0.99145 0.03722 0.37778 0.93333 0.68421 0.99900
39.483 58.920 28.601 25.498 25.406 39.363 1.00000 0.03624 0.37778 0.93333 0.73684 0.99900
Manual OT1 Manual OT1
DCC OT2 DCC OT2
A1
A2
A3
Raw Data Normalized Data
A1
A2
A3
Manual
DCC
A1
A2
A3
Manual
A1
A2
A3
DCC
Table 9: Data Normalization for Operation Type 
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25.405 19.923 25.489 0.00000 0.53261 0.33333
25.405 19.943 25.490 0.00000 0.75000 0.66667
25.406 19.942 25.491 1.00000 0.73913 1.00000
25.405 19.927 25.490 0.00000 0.57609 0.66667
25.406 19.939 25.491 1.00000 0.70652 1.00000
25.405 19.903 25.491 0.00000 0.31522 1.00000
25.405 19.960 25.491 0.00000 0.93478 1.00000
25.406 19.921 25.491 1.00000 0.51087 1.00000
25.405 19.903 25.491 0.00000 0.31522 1.00000
25.405 19.924 25.491 0.00000 0.54348 1.00000
25.406 19.921 25.49 1.00000 0.51087 0.66667
25.406 19.904 25.489 1.00000 0.32609 0.33333
25.405 19.894 25.489 0.00000 0.21739 0.33333
25.405 19.895 25.488 0.00000 0.22826 0.00000
25.406 19.874 25.489 1.00000 0.00000 0.33333
25.405 19.956 25.490 0.00000 0.89130 0.66667
25.405 19.951 25.491 0.00000 0.83696 1.00000
25.405 19.943 25.490 0.00000 0.75000 0.66667
25.406 19.945 25.490 1.00000 0.77174 0.66667
25.405 19.937 25.490 0.00000 0.68478 0.66667
25.405 19.915 25.490 0.00000 0.44565 0.66667
25.405 19.921 25.490 0.00000 0.51087 0.66667
25.405 19.941 25.490 0.00000 0.72826 0.66667
25.406 19.949 25.491 1.00000 0.81522 1.00000
25.405 19.908 25.491 0.00000 0.36957 1.00000
25.406 19.941 25.489 1.00000 0.72826 0.33333
25.406 19.959 25.490 1.00000 0.92391 0.66667
25.406 19.934 25.490 1.00000 0.65217 0.66667
25.406 19.966 25.490 1.00000 1.00000 0.66667
25.406 19.958 25.489 1.00000 0.91304 0.33333
Manual MS1
CAD MS2
A3
A1
Manual
CAD
Normalized Data
A1
A2
A3
Raw Data
A1
A2
A3
A2
A3
A1
A2
Table10: Data Normalization for Setup Type 
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Appendix B:  Raw Data 
Table 11: Conic Section Raw Measurement Data 
Aluminum 
 Height Diameter 1 Diameter 2 
Operator 1 (O1) 9.426 11.587 22.535 
O1 11.646 11.465 25.000 
O1 11.437 11.510 24.804 
O1 12.055 11.663 25.623 
O1 10.371 11.908 24.028 
Steel 
 Height Diameter 1 Diameter 2 
Operator 1 (O1) 15.402 25.184 29.667 
O1 14.975 25.248 29.610 
O1 18.279 25.303 30.633 
O1 15.429 25.537 30.037 
O1 19.588 25.224 30.933 
Plastic 
 Height Diameter 1 Diameter 2 
Operator 1 (O1) 17.057 20.451 40.497 
O1 20.105 20.428 43.981 
O1 23.744 19.833 47.678 
O1 21.631 21.862 47.214 
O1 22.566 19.856 46.357 
 
Aluminum 
 Height Diameter 1 Diameter 2 
Operator 2 (O2) 6.989 11.883 20.004 
O2 6.869 12.274 20.330 
O2 7.723 13.332 22.37 
O2 6.870 12.601 20.659 
O2 9.521 12.790 23.931 
Steel 
 Height Diameter 1 Diameter 2 
Operator 2 (O2) 13.188 25.423 29.263 
O2 13.742 25.187 29.188 
O2 13.458 25.559 29.51 
O2 14.727 25.762 30.063 
O2 16.779 25.034 29.911 
Plastic 
 Height Diameter 1 Diameter 2 
Operator 2 (O2) 16.384 20.1 39.545 
O2 15.864 19.548 38.372 
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O2 14.565 21.486 38.797 
O2 20.247 21.194 45.182 
O2 18.491 18.678 40.312 
 
Aluminum 
 Height Diameter 1 Diameter 2 
Operator 3 (O3) 10.707 12.358 24.913 
O3 10.393 12.144 24.329 
O3 9.308 12.389 23.285 
O3 10.339 12.441 24.544 
O3 9.222 12.354 23.184 
Steel 
 Height Diameter 1 Diameter 2 
Operator 3 (O3) 14.686 24.942 29.226 
O3 14.826 24.886 29.205 
O3 14.318 25.033 29.207 
O3 15.483 25.078 29.584 
O3 15.871 25.503 30.134 
Plastic 
 Height Diameter 1 Diameter 2 
Operator 3 (O3) 29.452 22.484 57.051 
O3 29.99 21.787 56.987 
O3 32.093 21.00 58.721 
O3 40.151 20.113 67.150 
O3 38.025 21.772 66.322 
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Appendix C – Gage R & R Results 
 
Table 12: Measurement Type Sphere / Manual Operation 
 
 
Trials 1 2 3 0.4299 K1 : 5 Trials
Trial 1 39.406 28.627 25.403 Xbarbar 31.1364 0.5231 K2 : 3 App
Trial 2 39.402 28.609 25.396 Rbarbar 0.01767 0.5231 K3 : Parts
Trial 3 39.385 28.613 25.401 RangeXbar 13.9948
Trial 4 39.388 28.614 25.406
Trial 5 39.395 28.605 25.396 Rangeind 0.035
Total 196.976 143.068 127.002 Mean 31.13689
Average 39.3952 28.6136 25.4004 Rangesall 14.00087
Range 1 0.021 0.022 0.01 (Rp) Xdiff 0.005733
Trials 1 2 3
Trial 1 39.380 28.629 25.396 EV 0.015047
Trial 2 39.426 28.609 25.407 Xbarbar 31.14 AV 0.00247
Trial 3 39.395 28.615 25.392 Rbarbar 0.03467 PV 7.323853
Trial 4 39.398 28.622 25.411 RangeXbar 14.0048 R&R 0.015248
Trial 5 39.429 28.593 25.398 TV 7.323869
Total 197.028 143.068 127.004
Average 39.4056 28.6136 25.4008
Range 1 0.049 0.036 0.019 EV 0.21%
AV 0.03%
Trials 1 2 3 PV 100.00%
Trial 1 39.386 28.599 25.394 GRR 0.21%
Trial 2 39.397 28.599 25.402 Xbarbar 31.1343
Trial 3 39.382 28.606 25.401 Rbarbar 0.05267 #Parts #Trials
Trial 4 39.482 28.584 25.396 RangeXbar 14.003 3 5
Trial 5 39.366 28.615 25.405
Total 197.013 143.003 126.998
Average 39.4026 28.6006 25.3996 Part 1: Plastic Sphere
Range 1 0.116 0.031 0.011 Part 2: Aluminum Sphere
Part 3: Steel Sphere
K values
Sum Totals
Sum Totals
PartsAppraisers
Appraiser 1
Notes
Averages
Variation
% Variation
Appraiser 2
Appraiser 3
Sum Totals
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Table 13: Measurement Type Cylinder / Manual Operation 
 
 
 
 
Trials 1 2 3 0.4299 K1 : 5 Trials
Trial 1 58.902 25.487 39.361 Xbarbar 41.0529 0.5231 K2 : 3 App
Trial 2 58.891 25.487 39.359 Rbarbar 1.01367 0.5231 K3 : Parts
Trial 3 58.920 25.488 39.360 RangeXbar 33.422
Trial 4 58.910 25.489 39.361
Trial 5 58.928 25.490 36.360 Rangeind 0.4524444
Total 294.551 127.441 193.801 Mean 41.209022
Average 58.9102 25.4882 38.7602 Rangesall 33.490133
Range 1 0.037 0.003 3.001 (Rp) Xdiff 0.2683333
Trials 1 2 3
Trial 1 58.906 25.488 39.364 EV 0.1945059
Trial 2 58.923 25.484 39.366 Xbarbar 41.253 AV 0.1310733
Trial 3 58.903 25.488 39.365 Rbarbar 0.01067 PV 17.518689
Trial 4 58.906 25.489 39.360 RangeXbar 33.4212 R&R 0.234548
Trial 5 58.902 25.485 39.366 TV 17.520259
Total 294.54 127.434 196.821
Average 58.908 25.4868 39.3642
Range 1 0.021 0.005 0.006 EV 1.11%
AV 0.75%
Trials 1 2 3 PV 99.99%
Trial 1 58.917 25.488 39.361 GRR 1.34%
Trial 2 58.913 25.486 39.361 Xbarbar 41.3212
Trial 3 58.929 25.488 39.360 Rbarbar 0.333 #Parts #Trials
Trial 4 58.912 25.488 39.359 RangeXbar 33.6272 3 5
Trial 5 59.904 25.489 39.363
Total 295.575 127.439 196.804
Average 59.115 25.4878 39.3608 Part 1: Plastic Cylinder
Range 1 0.992 0.003 0.004 Part 2: Aluminum Cylinder
Part 3: Steel Cylinder
Sum Totals
Notes
PartsAppraisers
Appraiser 1
Appraiser 2
Appraiser 3
Sum Totals
Averages
Variation
% Variation
K values
Sum Totals
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Table 14: Measurement Type Cone / Manual Operation 
 
 
 
 
Trials 1 2 3 0.4299 K1 : 5 Trials
Trial 1 59.561 59.855 81.720 Xbarbar 67.0489 0.5231 K2 : 3 App
Trial 2 59.640 59.839 81.714 Rbarbar 0.108 0.5231 K3 : Parts
Trial 3 59.614 59.836 81.705 RangeXbar 22.1056
Trial 4 59.629 59.929 81.703
Trial 5 59.579 59.701 81.709 Rangeind 0.135444
Total 298.023 299.16 408.551 Mean 66.98416
Average 59.6046 59.832 81.7102 Rangesall 22.17393
Range 1 0.079 0.228 0.017 (Rp) Xdiff 0.1254
Trials 1 2 3
Trial 1 59.315 59.844 81.717 EV 0.058228
Trial 2 59.320 59.613 81.717 Xbarbar 66.9235 AV 0.063851
Trial 3 59.278 59.667 81.649 Rbarbar 0.237 PV 11.59918
Trial 4 59.358 59.610 81.692 RangeXbar 22.3124 R&R 0.086414
Trial 5 59.673 59.669 81.731 TV 11.59951
Total 296.944 298.403 408.506
Average 59.3888 59.6806 81.7012
Range 1 0.395 0.234 0.082 EV 0.50%
AV 0.55%
Trials 1 2 3 PV 100.00%
Trial 1 59.594 59.617 81.702 GRR 0.74%
Trial 2 59.593 59.621 81.713 Xbarbar 66.98
Trial 3 59.558 59.659 81.707 Rbarbar 0.06133 #Parts #Trials
Trial 4 59.640 59.659 81.721 RangeXbar 22.1038 3 5
Trial 5 59.638 59.579 81.699
Total 298.023 298.135 408.542
Average 59.6046 59.627 81.7084 Part 1: Plastic Cone
Range 1 0.082 0.08 0.022 Part 2: Aluminum Cone
Part 3: Steel Cone
Notes
Parts
Averages
Variation
% Variation
K valuesAppraisers
Appraiser 1
Appraiser 2
Appraiser 3
Sum Totals
Sum Totals
Sum Totals
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Table 15: Manual Operation  
 
 
 
 
 
 
Trials 1 2 3 4 5 6 0.4299 K1 : 5 Trials
Trial 1 39.406 58.902 28.627 25.487 25.403 39.361 Xbarbar 36.0946 0.5231 K2 : 3 App
Trial 2 39.402 58.891 28.609 25.487 25.396 39.359 Rbarbar 0.51567 0.3742 K3 : Parts
Trial 3 39.385 58.920 28.613 25.488 25.401 39.360 RangeXbar 33.5098
Trial 4 39.388 58.910 28.614 25.489 25.406 39.361
Trial 5 39.395 58.928 28.605 25.490 25.396 36.360 Rangeind 0.243722
Total 196.976 294.551 143.068 127.441 127.002 193.801 Mean 36.17296
Average 39.3952 58.9102 28.6136 25.4882 25.4004 38.7602 Rangesall 33.57747
Range 1 0.021 0.037 0.022 0.003 0.01 3.001 (Rp) Xdiff 0.1331
Trials 1 2 3 4 5 6
Trial 1 39.380 58.906 28.629 25.488 25.396 39.364 EV 0.104776
Trial 2 39.426 58.923 28.609 25.484 25.407 39.366 Xbarbar 36.1965 AV 0.066945
Trial 3 39.395 58.903 28.615 25.488 25.392 39.365 Rbarbar 0.02267 PV 12.56469
Trial 4 39.398 58.906 28.622 25.489 25.411 39.360 RangeXbar 33.5072 R&R 0.124337
Trial 5 39.429 58.902 28.593 25.485 25.398 39.366 TV 12.5653
Total 197.028 294.54 143.068 127.434 127.004 196.821
Average 39.4056 58.908 28.6136 25.4868 25.4008 39.3642
Range 1 0.049 0.021 0.036 0.005 0.019 0.006 EV 0.83%
AV 0.53%
Trials 1 2 3 4 5 6 PV 100.00%
Trial 1 39.386 58.917 28.599 25.488 25.394 39.361 GRR 0.99%
Trial 2 39.397 58.913 28.599 25.486 25.402 39.361 Xbarbar 36.2277
Trial 3 39.382 58.929 28.606 25.488 25.401 39.360 Rbarbar 0.19283 #Parts #Trials
Trial 4 39.482 58.912 28.584 25.488 25.396 39.359 RangeXbar 33.7154 6 5
Trial 5 39.366 59.904 28.615 25.489 25.405 39.363
Total 197.013 295.575 143.003 127.439 126.998 196.804
Average 39.4026 59.115 28.6006 25.4878 25.3996 39.3608
Range 1 0.116 0.992 0.031 0.003 0.011 0.004
Part 1 Sphere Part 3 Sphere Part 5 Sphere
Part 2 Cylinder Part 4 Cylinder Part 6 Cylinder
PartsAppraisers
Appraisers
Appraiser 1
Appraiser 2
Parts
Averages
Variation
% Variation
K values
Sum Totals
Plastic Aluminum Steel
NOTES
Sum Totals
Sum Totals
PartsAppraisers
Appraiser 3
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Table 16: DCC Operation  
 
 
 
 
 
 
Trials 1 2 3 4 5 6 0.4299 K1 : 5 Trials
Trial 1 39.482 58.884 28.600 25.491 25.405 39.359 Xbarbar 36.2035 0.5231 K2 : 3 App
Trial 2 39.481 58.883 28.600 25.491 25.406 39.359 Rbarbar 0.001 0.3742 K3 : Parts
Trial 3 39.482 58.883 28.600 25.491 25.406 39.359 RangeXbar 33.4776
Trial 4 39.483 58.883 28.601 25.491 25.406 39.359
Trial 5 39.481 58.883 28.601 25.492 25.405 39.359 Rangeind 0.001
Total 197.409 294.416 143.002 127.456 127.028 196.795 Mean 36.20618
Average 39.4818 58.8832 28.6004 25.4912 25.4056 39.359 Rangesall 33.49333
Range 1 0.002 0.001 0.001 0.001 0.001 0 (Rp) Xdiff 0.008467
Trials 1 2 3 4 5 6
Trial 1 39.474 58.892 28.600 25.489 25.405 39.359 EV 0.00043
Trial 2 39.474 58.892 28.599 25.489 25.406 39.359 Xbarbar 36.2033 AV 0.004428
Trial 3 39.475 58.893 28.599 25.489 25.406 39.359 Rbarbar 0.00117 PV 12.53321
Trial 4 39.473 58.893 28.599 25.489 25.406 39.359 RangeXbar 33.4868 R&R 0.004449
Trial 5 39.474 58.893 28.598 25.490 25.406 39.359 TV 12.53321
Total 197.37 294.463 142.995 127.446 127.029 196.795
Average 39.474 58.8926 28.599 25.4892 25.4058 39.359
Range 1 0.002 0.001 0.002 0.001 0.001 0 EV 0.00%
AV 0.04%
Trials 1 2 3 4 5 6 PV 100.00%
Trial 1 39.483 58.921 28.601 25.498 25.405 39.363 GRR 0.04%
Trial 2 39.482 58.921 28.600 25.498 25.405 39.363 Xbarbar 36.2117
Trial 3 39.482 58.921 28.601 25.499 25.405 39.363 Rbarbar 0.00083 #Parts #Trials
Trial 4 39.482 58.921 28.601 25.498 25.405 39.363 RangeXbar 33.5156 6 5
Trial 5 39.483 58.920 28.601 25.498 25.406 39.363
Total 197.412 294.604 143.004 127.491 127.026 196.815
Average 39.4824 58.9208 28.6008 25.4982 25.4052 39.363
Range 1 0.001 0.001 0.001 0.001 0.001 0
Part 1 Sphere Part 3 Sphere Part 5 Sphere
Part 2 Cylinder Part 4 Cylinder Part 6 Cylinder
Plastic Aluminum Steel
NOTES
Sum Totals
Sum Totals
PartsAppraisers
Appraiser 3
Averages
Variation
% Variation
K values
Sum Totals
PartsAppraisers
Appraisers
Appraiser 1
Appraiser 2
Parts
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Table 17: Manual Set-up / DCC Operation 
 
 
Trials 1 2 3 0.4299 K1 : 5 Trials
Trial 1 25.405 19.923 25.489 Xbarbar 23.6101 0.5231 K2 : 3 App
Trial 2 25.405 19.943 25.490 Rbarbar 0.00767 0.5231 K3 : Parts
Trial 3 25.406 19.942 25.491 RangeXbar 5.5554
Trial 4 25.405 19.927 25.490
Trial 5 25.406 19.939 25.491 Rangeind 0.014556
Total 127.027 99.674 127.451 Mean 23.60456
Average 25.4054 19.9348 25.4902 Rangesall 5.571867
Range 1 0.001 0.02 0.002 (Rp) Xdiff 0.012733
Trials 1 2 3
Trial 1 25.405 19.903 25.491 EV 0.006257
Trial 2 25.405 19.960 25.491 Xbarbar 23.6061 AV 0.006462
Trial 3 25.406 19.921 25.491 Rbarbar 0.01933 PV 2.914643
Trial 4 25.405 19.903 25.491 RangeXbar 5.5688 R&R 0.008995
Trial 5 25.405 19.924 25.491 TV 2.914657
Total 127.026 99.611 127.455
Average 25.4052 19.9222 25.491
Range 1 0.001 0.057 0 EV 0.21%
AV 0.22%
Trials 1 2 3 PV 100.00%
Trial 1 25.406 19.921 25.49 GRR 0.31%
Trial 2 25.406 19.904 25.489 Xbarbar 23.5974
Trial 3 25.405 19.894 25.489 Rbarbar 0.01667 #Parts #Trials
Trial 4 25.405 19.895 25.488 RangeXbar 5.5914 3 5
Trial 5 25.406 19.874 25.489
Total 127.028 99.488 127.445
Average 25.4056 19.8976 25.489
Range 1 0.001 0.047 0.002
Part 1: Steel Sphere
Part 2: Aluminum Cone
Part 3: Aluminum Cylinder
Notes
Appraiser 3
Sum Totals
Averages
Variation
% Variation
K values
Sum Totals
Sum Totals
PartsAppraisers
Appraiser 1
Appraiser 2
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Table 18: CAD Set-up / DCC Operation  
 
 
Trials 1 2 3 0.4299 K1 : 5 Trials
Trial 1 25.405 19.956 25.490 Xbarbar 23.6139 0.5231 K2 : 3 App
Trial 2 25.405 19.951 25.491 Rbarbar 0.007 0.5231 K3 : Parts
Trial 3 25.405 19.943 25.490 RangeXbar 5.5438
Trial 4 25.406 19.945 25.490
Trial 5 25.405 19.937 25.490 Rangeind 0.0107778
Total 127.026 99.732 127.451 Mean 23.612378
Average 25.4052 19.9464 25.4902 Rangesall 5.5484667
Range 1 0.001 0.019 0.001 (Rp) Xdiff 0.0082667
Trials 1 2 3
Trial 1 25.405 19.915 25.490 EV 0.0046334
Trial 2 25.405 19.921 25.490 Xbarbar 23.6075 AV 0.0041555
Trial 3 25.405 19.941 25.490 Rbarbar 0.01433 PV 2.9024029
Trial 4 25.406 19.949 25.491 RangeXbar 5.5636 R&R 0.0062239
Trial 5 25.405 19.908 25.491 TV 2.9024096
Total 127.026 99.634 127.452
Average 25.4052 19.9268 25.4904
Range 1 0.001 0.041 0.001 EV 0.16%
AV 0.14%
Trials 1 2 3 PV 100.00%
Trial 1 25.406 19.941 25.489 GRR 0.21%
Trial 2 25.406 19.959 25.490 Xbarbar 23.6157
Trial 3 25.406 19.934 25.490 Rbarbar 0.011 #Parts #Trials
Trial 4 25.406 19.966 25.490 RangeXbar 5.538 3 5
Trial 5 25.406 19.958 25.489
Total 127.03 99.758 127.448
Average 25.406 19.9516 25.4896
Range 1 0 0.032 0.001
Part 1: Steel Sphere
Part 2: Aluminum Cone
Part 3: Aluminum Cylinder
Notes
Appraiser 3
Sum Totals
Averages
Variation
% Variation
K values
Sum Totals
Sum Totals
PartsAppraisers
Appraiser 1
Appraiser 2
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Table 19: Tier 1 OEM Metrology Lab 
 
 
 
 
 
Trials 1 2 3 0.4299 K1 : 5 Trials
Trial 1 25.398 39.353 80.784 Xbarbar 48.694 0.5231 K2 : 3 App
Trial 2 25.399 39.354 81.285 Rbarbar 0.28915 0.5231 K3 : Parts
Trial 3 25.398 39.353 81.502 RangeXbar 55.9323
Trial 4 25.399 39.354 81.435
Trial 5 25.397 39.354 81.647 Rangeind 0.2188603
Total 126.9908 196.7668 406.652 Mean 48.783167
Average 25.39816 39.35336 81.3305 Rangesall 56.194021
Range 1 0.0024 0.0018 0.86326 (Rp) Xdiff 0.1352188
Trials 1 2 3
Trial 1 25.400 39.361 81.725 EV 0.094088
Trial 2 25.402 39.364 81.875 Xbarbar 48.8292 AV 0.0664303
Trial 3 25.400 39.362 81.925 Rbarbar 0.181 PV 29.395092
Trial 4 25.400 39.359 81.717 RangeXbar 56.3253 R&R 0.1151761
Trial 5 25.401 39.360 81.388 TV 29.395318
Total 127.0028 196.8062 408.629
Average 25.40056 39.36124 81.7259
Range 1 0.0021 0.0045 0.5364 EV 0.32%
AV 0.23%
Trials 1 2 3 PV 100.00%
Trial 1 25.398 39.352 81.712 GRR 0.39%
Trial 2 25.399 39.359 81.882 Xbarbar 48.8263
Trial 3 25.399 39.361 81.926 Rbarbar 0.18643 #Parts #Trials
Trial 4 25.398 39.360 81.720 RangeXbar 56.3244 3 5
Trial 5 25.398 39.356 81.375
Total 126.9921 196.7878 408.614
Average 25.39842 39.35756 81.7229 Part 1: Steel Sphere
Range 1 0.0002 0.0089 0.55018 Part 2: Steel Cylinder
Part 3: Steel Cone
Averages
Variation
% Variation
Notes
Parts K valuesAppraisers
Appraiser 1
Appraiser 2
DCC Data
Sum Totals
Sum Totals
Sum Totals
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Table 20: Comparative Data from MSU Lab 
 
 
 
 
 
 
Trials 1 2 3 0.4299 K1 : 5 Trials
Trial 1 25.403 39.361 81.720 Xbarbar 48.6236 0.5231 K2 : 3 App
Trial 2 25.396 39.359 81.714 Rbarbar 1.00933 0.5231 K3 : Parts
Trial 3 25.401 39.360 81.705 RangeXbar 56.3098
Trial 4 25.406 39.361 81.703
Trial 5 25.396 36.360 81.709 Rangeind 0.349
Total 127.002 193.801 408.551 Mean 48.755967
Average 25.4004 38.7602 81.7102 Rangesall 56.302233
Range 1 0.01 3.001 0.017 (Rp) Xdiff 0.1986333
Trials 1 2 3
Trial 1 25.396 39.364 81.717 EV 0.1500351
Trial 2 25.407 39.366 81.717 Xbarbar 48.8221 AV 0.0964135
Trial 3 25.392 39.365 81.649 Rbarbar 0.03567 PV 29.451698
Trial 4 25.411 39.360 81.692 RangeXbar 56.3004 R&R 0.1783426
Trial 5 25.398 39.366 81.731 TV 29.452238
Total 127.004 196.821 408.506
Average 25.4008 39.3642 81.7012
Range 1 0.019 0.006 0.082 EV 0.51%
AV 0.33%
Trials 1 2 3 PV 100.00%
Trial 1 25.405 39.359 81.700 GRR 0.61%
Trial 2 25.406 39.359 81.702 Xbarbar 48.8222
Trial 3 25.406 39.359 81.700 Rbarbar 0.002 #Parts #Trials
Trial 4 25.406 39.359 81.704 RangeXbar 56.2965 3 5
Trial 5 25.405 39.359 81.705
Total 127.028 196.795 408.511
Average 25.4056 39.359 81.7021 Part 1: Steel Sphere
Range 1 0.001 0 0.005 Part 2: Steel Cylinder
Part 3: Steel Cone
% Variation
Notes
K values
Sum Totals
Sum Totals
Averages
Variation
PartsAppraisers
Appraiser 1
Appraiser 2
DCC Data
Sum Totals
